or decades it was assumed in the literature that patients with CM-I were a homogenous group. Milhorat, 21 however, defined 5 subtypes of CM-I associated with different causative factors: 1) constriction of the posterior cranial fossa occurring with classic CM-I; 2) downward traction of the spinal cord occurring with tethered cord syndrome and occult tethered cord syndrome; 3) hypermobility of the atlantooccipital and atlantoaxial joints; 4) increased intracranial pressure; and 5) intraspinal hypotension. Yet there is general agreement that the most common cause of CM-I is a smaller than normal posterior fossa volume.
F
or decades it was assumed in the literature that patients with CM-I were a homogenous group. Milhorat, 21 however, defined 5 subtypes of CM-I associated with different causative factors: 1) constriction of the posterior cranial fossa occurring with classic CM-I; 2) downward traction of the spinal cord occurring with tethered cord syndrome and occult tethered cord syndrome; 3) hypermobility of the atlantooccipital and atlantoaxial joints; 4) increased intracranial pressure; and 5) intraspinal hypotension. Yet there is general agreement that the most common cause of CM-I is a smaller than normal posterior fossa volume. 1 Because impaired CSF pulsations are an essential precondition for the development of syringomyelia, their visualization and quantification play a crucial role in the understanding of individual cases and the planning of causal treatment. In the past, a number of different MR imaging techniques have been developed and described that allow CSF movement to be assessed in terms of velocity and direction. 2, 8, 15, 17, 29, 31, 32 At present, the most commonly used technique is cardiac-gated phase-contrast MR imaging. In the 1990s, this method was introduced and established primarily for investigations of the brain by Quencer et al., 27 Levy et al., 17, 18 and Nitz and colleagues 23 -as well as by Schroth and Klose 32 in Germany-and has been verified in several studies. 3, 5, 18 This method allows MR images of CSF flow to be displayed in a cine mode throughout the cardiac cycle.
Standard and cardiac-gated phase-contrast magnetic resonance imaging in the clinical course of patients with Chiari malformation Type I Although the international literature reports that dynamic phase-contrast MR imaging is the standard method for diagnosing patients with CM-I, 16 it is a technique that is not routinely used in clinical practice. The visualization of CSF flow in the region of the cerebrum has been studied extensively and analyzed in a structured manner. [13] [14] [15] There is, however, a paucity of structured studies evaluating CSF dynamics in the region of the spinal canal in a reasonable number of patients. For this reason, we investigated the clinical usefulness of cardiac-gated phasecontrast MR imaging for the visualization of CSF flow in the spinal canal of patients with CM-I and assessed absolute CSF flow velocities, in particular postoperative changes.
Methods

Study Population
The study included all patients with CM-I who underwent MR imaging at the Departments of Neurosurgery and Radiology, German Armed Forces Hospital of Ulm, from January 1, 2003, to September 31, 2007 . Apart from standard projections, we extensively studied CSF motion using phase-contrast MR imaging of the craniocervical junction, the cervical spine, the thoracic spine, and the lumbar spine in the median sagittal plane for the visualization of craniocaudal CSF flow.
Assessments and Outcome Variables
We determined the position of the cerebellar tonsils in relation to the foramen magnum. Because the dorsal border of the foramen magnum was not clearly defined after surgery, the location of the cerebellar tonsils was determined in the following manner. A straight line was drawn at the level of the endplate of C-2, and the length of the perpendicular line from the tip of the cerebellar tonsils to the aforementioned straight line was measured. The extension of the syrinx was expressed by the vertebral levels, along which the syrinx extended in the craniocaudal direction (for example, C4-T2). The size of the syrinx in the axial plane was measured at the site where the syrinx was largest in diameter. Apart from absolute values, we determined relative values on the basis of the overall anterior-posterior diameter of the spinal canal (anterior-posterior diameter ratio).
Phase-contrast MR imaging studies can be analyzed qualitatively and quantitatively. A qualitative analysis consists of evaluating the homogeneity of CSF flow and allows examiners to detect CSF flow obstructions. In addition, the direction of CSF flow can be determined in the various compartments, such as the subarachnoid space or the syrinx cavity. In a quantitative analysis, absolute CSF velocities can be measured on the basis of the direction vector. Cranial flow is displayed in black (negative sign) on the MR image and caudal flow in white (positive sign).
For every measuring site, we also assessed maximum velocities (maximum velocities [+] , CSF flow in the cranial direction), minimum velocities (maximum velocities [-] , CSF flow in the caudal direction), mean velocities, and median velocities.
Results
Syringomyelia Groups
In the aforementioned period, 90 patients with CM-I (61 women, 29 men, mean age 39 years, median age 40 years, range 3-80 years) were examined and treated at our institution in accordance with the protocol described above. Fifty-nine of these patients had syringomyelia (41 women, 18 men, mean age 44 years, median age 47 years, range 6-80 years) and 31 did not have syringomyelia (20 women, 11 men, mean age 28 years, median age 29 years, range 3-65 years). Two patients were included in both groups because they developed syringomyelia over a period of 4 years. For this reason, their earlier data pertained to the group of patients without syringomyelia and their later data to the group of patients with syringomyelia. Particularly noteworthy is that the mean age of patients without syringomyelia was significantly lower (p < 0.0005) than that of patients with syringomyelia.
Patients without syringomyelia mainly reported general disease symptoms. For example, there was a significant difference in the frequency of headaches between patients with and without syringomyelia (p < 0.05). The difference in neurological deficits and other symptoms involving the extremities was similarly significant. It was interesting to note that a loss of temperature sensation, which is a typical symptom of syringomyelia, was reported by only 6 (15%) of 40 patients with this data available.
No more than 2 patients with syringomyelia and 4 patients without syringomyelia had been treated with ventriculoperitoneal shunting. Conservative treatment was indicated in only 3 patients with syringomyelia and in 20 patients without syringomyelia.
Surgical History and Reoperation
In the group of patients with syringomyelia, 38 had undergone initial surgery at our institution. Six patients had undergone initial surgery at another institution and underwent revision surgery at our hospital. Three patients had undergone surgery only at another institution. In the group of patients without syringomyelia, 6 patients had undergone initial surgery at our institution. No patient who had undergone initial surgery at another institution required revision surgery. Two patients had undergone surgery only at another institution. We recommended surgery for a total of 10 patients who declined to undergo surgical treatment at that time.
Of the 44 patients who underwent surgery for CM-I, 3 (7%) required reoperation at the craniocervical junction. In the first case, the patient presented with a new cyst in the region of the foramen of Magendie and syringobulbia after 2 years. In the second case, decompression had not been wide enough. In the third case, an enlarged obex membrane had gone unnoticed during initial surgery. In all 3 patients, syringomyelia symptoms and imaging findings improved after revision surgery.
Anatomical Differences
The cerebellar tonsils were located an average of 13 mm (median 11 mm, range 5-38 mm) below the level of the foramen magnum in patients with syringomyelia and an average of 16 mm (median 13 mm, range 5-67 mm) below the foramen magnum in patients without syringomyelia. This difference between the 2 groups of patients was not significant (p = 0.19).
The C-6 level was the spinal segment most commonly affected by syringomyelia (35 patients), followed by the C-5 and C-7 levels (34 patients each). In 16 patients, the syrinx extended over more than 15 vertebral levels. The C-6 level was also the region where the syrinx was largest in diameter in the majority of cases (8 patients).
Neuroimaging
A complete series of MR images that were obtained before surgery and after a mean postoperative period of 1 year (median 12 months, range 3-33 months) were available for 22 patients. In these cases, the craniocaudal extension of the syrinx had decreased by an average of 2.5 vertebral levels (median 1.5 levels, range 0-11 levels). There were no changes in the craniocaudal extension of the syrinx in 8 patients. By contrast, a considerable decrease in the anterior-posterior extension of the syrinx was noted in all patients. The mean anterior-posterior diameter ratio decreased from 0.67 (median 0.69, range 0.17-1.00) to 0.2 (median 0.17, range 0.00-0.57). The mean decrease was thus 0.47 (median 0.46, range 0.00-0.92), which was highly significant (p < 0.00005).
In these 22 patients, the mean distance from the cerebellar tonsils to the C-2 level was 1.7 cm before surgery (median 2.0 cm, range -0.4 to 3.2 cm) and 2.4 cm after surgery (median 2.4 cm, range 0.7-4.0 cm). Mean postoperative tonsillar ascent was thus 0.7 cm (median 0.7 cm, range -0.1 to 2.0 cm). This difference, too, was highly significant (p < 0.00005).
Phase-Contrast Imaging
Phase-contrast imaging demonstrated partial or complete obstruction of the pulsatile CSF flow at the craniocervical junction in all patients with CM-I. All but 4 patients also showed partial or complete blockage of CSF flow in the ventral subarachnoid space of the foramen magnum. Particularly noteworthy was a phase shift between the pulsations in the aqueduct and at the craniocervical junction (Fig. 1 ) and between the pulsations in the cervical subarachnoid space and the syrinx cavity (Fig. 2) .
In 3 patients, phase-contrast MR imaging demonstrated CSF flow obstruction not only at the craniocervical junction but also in the spinal canal. Two of the 3 patients required surgery for persistent syringomyelia at these additional sites of obstruction. In both cases, the size of the syrinx was considerably reduced after surgery.
Flow Velocities
The highest flow velocities were measured in the ventral subarachnoid space of the cervical spine and in the prepontine subarachnoid space. When the sites of maximum pulsations were determined for each patient, maximum (caudal and cranial) pulsations at the craniocervical junction were detected most often in the prepontine subarachnoid space in patients both with and without syringomyelia (Table 1) .
In the region of the cervical spine, more than half of the patients with syringomyelia showed maximum flow velocities (27 of 40 patients, 68%) and minimum velocities (24 of 40 patients, 60%) in the ventral subarachnoid space. In the region of the thoracic spine, the distribution of flow velocities was similar to that in the region of maximum extension of the syrinx because these 2 regions are often close to each other. In the region of maximum extension, each of the 3 measurement sites exhibited approximately one-third of the maximum pulsations. In the group of patients without syringomyelia, only 1 patient showed maximum pulsations and only 1 patient showed minimum pulsations in the region of the central canal.
An analysis of how flow velocities changed after surgical decompression revealed very interesting results. The difference between maximum and minimal velocities or, in other words, the velocity amplitude (D), considerably increased in the subarachnoid space with the exception of the region dorsal to the thoracic spinal cord (Table 2) . In some cases, these changes were highly significant.
After decompression, an improvement in CSF flow was demonstrated in the region of the newly created cerebellomedullary cistern in all patients. Cerebrospinal fluid flow also improved in the ventral subarachnoid space.
The changes in pulsation were highly significant in the surgically enlarged cerebellomedullary cistern (p = 0.0005). Also noteworthy was the change in the amplitude in the region where the syrinx was largest in diameter, that is, in a region where the subarachnoid space was considerably wider after surgery. Maximum and minimum velocities increased considerably in this region. Tonsillar pulsations decreased, but not significantly. Interestingly, patients with a highly significant change in postoperative syrinx width (p < 0.00005) showed changes in pulsations that were significant in the subarachnoid space in all spinal segments but were not significant in the syrinx itself and in the spinal canal.
Analogous comparisons between patients with and without syringomyelia revealed highly significant differences in flow velocity amplitudes only in the ventral cervical subarachnoid space (p < 0.005) and less significant differences in the region of the thoracic central canal (p < 0.05).
Discussion
In large series of patients, the mean age of onset of CM-I is reported to be 25 years, and women account for 75% of patients. 22 In our study, a similarly high percentage of the patients were female (68%). The mean age of onset, however, was considerably higher (almost 40 years). In our patient population, there was a clear relationship between patient age and the occurrence of syringomyelia. The development of syringomyelia in patients with CM-I appears to be only a matter of time.
Clinical manifestations of CM-I can be attributable to 3 causes: direct compression of the brainstem, an impairment of CSF drainage and hydrocephalus, and syringomyelia. Dissociated sensory loss, which is the classic clinical feature, was reported less frequently than expected. Milhorat et al. 22 studied a large series of patients and found that dizziness, pressure in the ears, and tinnitus were the most common symptoms irrespective of the presence or absence of syringomyelia. The presence of headache, and especially headache linked to coughing, was found to be associated with a temporary increase in intracranial pressure. 28 It was interesting to note the high incidence of headaches in patients without syringomyelia.
In the literature, the mean extent of tonsillar herniation is reported to be 11 mm.
19 This is similar to our findings (13 mm). Mikulis et al. 20 found a strong correlation between tonsillar descent and age and suggested that age must be considered in the definition of CM-I. Heiss et al. 12 reported that patients who underwent surgery for CM-I showed a decrease in tonsillar herniation from a mean of 11 mm to a mean of 5.5 mm as early as 6 months after surgery. This finding is confirmed by our study, in which the mean postoperative tonsillar ascent was 7 mm. These results suggest that cerebellar tonsil herniation is acquired and not congenital.
The literature provides only a paucity of studies attempting to explain why some patients with CM-I have syringomyelia and why others do not (or not yet). Stovner and Rinck 33 reported that syringomyelia was found significantly more frequently in patients with tonsillar herniation of 9-14 mm than in patients with a smaller or larger degree of herniation (p < 0.001). These results, however, appear to be somewhat arbitrary and implausible and are not supported by our own experience. It is still unclear whether systolic CSF flow is more impaired than diastolic CSF flow in patients with CM-I 4 or whether the opposite is true.
14 Our results suggest that CSF flow is impaired in both directions. Whereas systolic CSF flow velocity is reduced or absent at the dorsal and ventral margins of the foramen magnum, 25 velocity is elevated in the prepontine cistern. 4 Milhorat et al. 22 reported that dorsal flow was impaired 3 times more often than ventral flow. However, it is difficult to compare available studies in this respect because there are no standardized measuring sites.
Our study did not confirm that surgical decompression can lead to a reversal of flow velocity abnormalities or a normalization of flow velocities. 4 Some studies suggest that the duration of systolic caudal pulsations appears to be considerably longer in patients with CM-I than in patients without this condition and in patients who underwent surgical treatment. 25 Phase-contrast MR imaging can visualize tonsillar pulsations but did not reveal differences between CM-I patients with or without syringomyelia.
26
Successful surgical decompression should improve not only dorsal but also ventral CSF flow. 24 Brugières et al. 6 were able to show that effective decompression in patients with CM-I is associated with a postoperative decrease in CSF flow velocities in the syrinx. Whereas our results confirm this finding at a low level of significance, the velocity increase in the subarachnoid space was highly significant in the region where the syrinx was largest in diameter. One possible explanation is the marked postoperative increase in spinal cord volume in association with an increase in the contribution of the spinal cord to CSF pulsations. In addition, the CSF volume that had been shifted in the region of the syrinx was postoperatively shifted in the subarachnoid space. In contrast to our clear results, Iskandar and his working group 7,11 reported a postoperative decrease in flow velocity. It should be noted, however, that their studies involved only 4 patients with syringomyelia and 4 patients without syringomyelia.
Normal preoperative CSF flow in the region of the craniocervical junction in spite of tonsillar descent of more than 5 mm appears to predict an unsatisfactory surgical outcome. 19 This was to be expected considering the theories presented here. A seemingly trivial result, which, however, confirms the findings from phase-contrast MR imaging, is that syrinx size was significantly reduced in all patients with preoperative CSF flow obstruction at the craniocervical junction and postoperative reversal or improvement of CSF obstruction.
The indications for surgery in patients with CM-I remain controversial. A worldwide survey on the management of CM-I 30 showed consensus among pediatric neurosurgeons that no operation should be performed in asymptomatic patients with CM-I unless there is associated syringomyelia and that surgery should be performed in patients with CM-I when scoliosis and syringomyelia are present. There was no consensus about the management of patients without scoliosis. Haroun et al., 10 who surveyed members of the Pediatric Section of the AANS, reported similar results. In this context, phase-contrast MR imaging can be useful. It demonstrates CSF flow obstruction at the craniocervical junction, especially in patients with borderline tonsillar herniation. This finding can contribute to a clinical decision for or against surgery. If surgery does not lead to a rapid decrease in syrinx size, phase-contrast MR imaging may nevertheless demonstrate an improvement in CSF flow and may thus show that a reduction in syrinx size can still be expected. Cerebrospinal fluid pulsation studies can provide evidence of additional causes of syringomyelia in the region of the vertebral column. Our research thus shows that a qualitative analysis of phase-contrast MR imaging can provide additional information and can thus help clinicians make a decision for or against surgery, and that a quantitative analysis is more of scientific than of clinical interest.
To our knowledge, there is no study reporting that a decrease in syrinx diameter is associated with a direct significant increase in flow velocity in the region where the syrinx was largest in diameter. This completely contradicts a current theory proposed by Greitz, 9 who believes that syringomyelia develops passively as a result of the Venturi effect, which implies an increase in CSF velocity in narrow regions of the CSF pathways.
Conclusions
Cardiac-gated phase-contrast MR imaging can contribute to assessments of surgical outcomes in patients who underwent decompression for CM-I and can be a useful tool for identifying the cause of surgical failure. The results presented here raise doubts about current theories on the pathogenesis of syringomyelia.
